ABSTRACT. Background. By decreasing preoperative morbidity, prenatal diagnosis could improve neurodevelopmental outcomes in infants with critical congenital heart disease. We explored the impact of prenatal diagnosis on perinatal and perioperative variables and on outcomes at 1 year of age.
P renatal echocardiography is being performed with increasing frequency to identify complex congenital heart disease (CHD) in the fetus. It has been hypothesized that prenatal diagnosis of CHD might allow for optimal medical management in the newborn period, thereby improving surgical and neurologic outcomes. 1 Previous studies have examined the impact of a prenatal diagnosis on neonatal mortality and morbidity. 2, 3 However, advances in surgical technology and perioperative management have improved survival of children born with CHD, thereby heightening interest in their subsequent developmental outcomes. 4 Presently, data are limited regarding the impact of prenatal diagnosis on longer-term cognitive development in children born with CHD.
Prenatal diagnosis of D-transposition of the great arteries (D-TGA) allows a controlled environment for delivery, timely transfer to a pediatric cardiac intensive care unit, respiratory management, intubation, and, if indicated, balloon-atrial septostomy, thereby reducing risks that could influence later development, such as profound hypoxemia. 2 The purpose of this study was to explore the impact of a prenatal diagnosis of D-TGA with intact ventricular septum (IVS) or ventricular septal defect (VSD) on developmental outcomes at 1 year of age. Our study sample was comprised of patients who had been enrolled between 1988 and 2000 in 1 of several prospective studies on surgical support techniques. In addition, we assessed temporal trends relating to prenatal diagnosis and other perioperative characteristics during the 12-year study period.
METHODS

Subjects
Subjects had been enrolled between 1988 and 2000 in 1 of several single-center, prospective, randomized clinical trials conducted at Children's Hospital Boston (Boston, MA) to test strategies of vital organ support during reparative open-heart surgery using hypothermic cardiopulmonary bypass. [5] [6] [7] [8] [9] [10] From these trials, we selected for analysis those subjects with a diagnosis of D-TGA with IVS or VSD and repair by primary arterial switch operation. All trials excluded infants with associated cardiovascular anomalies requiring additional open surgical procedures or recognizable syndromes of congenital anomalies. Each study was approved by the Children's Hospital Boston Institutional Review Board and conducted in accordance with institutional guidelines.
Prenatal and Delivery Data
The presence or absence of a prenatal diagnosis of D-TGA and delivery details (including notation of fetal distress) were abstracted from the maternal obstetric record.
Perioperative Data
The methods of each trial have been described. [5] [6] [7] [8] 10 In the perioperative period, study nurses recorded the preoperative course, intraoperative conduct, and daily data on events, medications, respiratory status, laboratory studies, fluid inputs and outputs, and blood-product requirements.
Follow-up at 1 Year of Age
The Bayley Scales of Infant Development were administered by 1 of 4 developmental psychologists when the children were ϳ1 year old. Two versions of the Bayley Scales were used during the time period of this study. 11, 12 The 1993 version includes revisions made to the original 1969 Bayley Scales to achieve an average score of 100 in a normal population sample. Of note, the mean population scores on the 1969 version of the Bayley Scales were ϳ10 points higher than on the 1993 version. The Bayley Scales yield 2 standardized scores, the Psychomotor Development Index (PDI) and the Mental Development Index (MDI), which assess important milestones of cognitive, fine motor, and gross motor development. 11, 12 Additional information collected at the 1-year assessment included height, weight, head circumference, neurologic examination, and family social class (Hollingshead Scale: A. Hollingshead, Four-Factor Index of Social Status, unpublished manual, 1975 ).
Statistical Methods
The primary outcomes in this study were the PDI and MDI scores of the Bayley Scales. To allow data from the 2 versions of the Bayley Scales to be combined, we calculated z scores (standard deviation [SD] units) and the percent of patients with scores Ն2 SD below the contemporary population means. Linear regression was used to assess the effects of prenatal diagnosis on continuous outcomes, and logistic regression was used to assess the effects of prenatal diagnosis on dichotomous outcomes. We adjusted for family social class (Hollingshead Scale) in all regression models. We used independent-samples t tests to compare the prenatal diagnosis groups with respect to continuous variables that were distributed normally, Wilcoxon rank sum tests for continuous variables that were not distributed normally, and Fisher's exact tests for categorical variables. The Mantel-Haenszel 2 test for trend was used to assess time trends in dichotomous outcomes. All P values are 2-tailed.
RESULTS
We enrolled a total of 346 children with D-TGA and IVS or VSD. Twenty-five children (7%) had a prenatal diagnosis, and 321 (93%) did not. To assess potential temporal trends during the 12-year study period, we analyzed the rates of prenatal diagnosis and other perioperative factors by year of surgery (Fig 1) . The overall incidence of prenatal diagnoses of D-TGA increased over time (P for trend over time ϭ .004). In the group as a whole, the incidence of preoperative acidosis significantly decreased over time (P ϭ .001), whereas the incidence of preoperative intubation significantly increased over time (P Ͻ .001).
Characteristics of infants with and without prenatal diagnosis are summarized in Table 1 . Patients with a prenatal diagnosis, compared with those without, had a significantly higher incidence of induction or no labor onset and a significantly lower incidence of spontaneous birth (P ϭ .004). None of the children with a prenatal diagnosis, compared with 13% of children without a prenatal diagnosis, experienced fetal distress during labor (P ϭ .06). Fetal distress in labor was not uniformly associated with cesarean delivery in the group diagnosed postnatally, because only 7% of these pregnancies were delivered by unscheduled cesarean section.
At delivery, the infants diagnosed prenatally, compared with those without prenatal diagnosis, tended to have lower gestational age (P ϭ .08) and had significantly lower mean birth weight (P ϭ .008). Apgar scores at 1 minute did not differ between the 2 groups but at 5 minutes were significantly lower in those children with a prenatal diagnosis (P ϭ .01). Patients with a prenatal diagnosis, compared with those without, were significantly more likely to have undergone endotracheal intubation in the preoperative period (P ϭ .02). Infants with a prenatal diagno- sis underwent surgical repair ϳ5 days earlier than those without a prenatal diagnosis (P Ͻ .001). The 2 groups did not differ significantly in the incidence of preoperative sepsis, seizures, or balloon atrial septostomy.
We compared children with and without prenatal diagnoses in terms of intraoperative and postoperative characteristics ( Table 2 ). The 2 groups were similar with respect to intraoperative perfusion variables including duration of circulatory arrest, total bypass time, and total support time. Also, postoperative characteristics including days with endotracheal intubation, days in the intensive care unit, and total days in hospital were similar between the 2 groups.
Of the 346 children enrolled, 7 (2%), all in the postnatal-diagnosis group, died before the 1-year follow-up examination, and 339 (98%) were alive at the time of the 1-year follow-up. Families of 39 children were not invited to return for testing due to residence outside the United States (7), parental inability to speak English (8) , and lack of funding for travel reimbursement (24). Of the remaining 300 families, 15 declined participation, 7 were lost to follow-up, and 2 cancelled their travel after the terrorist attacks of September 11, 2001 . Four additional patients returned for 1-year follow-up evaluations but did not have developmental examinations due to the child's inability to speak English (2), autism (1), and intercurrent illness at the time of the scheduled follow-up evaluation (1) . The remaining 272 children (91%) underwent medical history assessment and in-person developmental evaluation at 1 year of age; of these, 18 (7%) had a prenatal diagnosis of D-TGA, and 254 (93%) did not.
At developmental evaluation at 1 year of age, the mean z scores for the PDI and MDI of the Bayley Scales of Infant Development were similar in children with and without prenatal diagnosis in analyses adjusting for social class (Table 3) . Those with a prenatal diagnosis, compared with those without, had fewer scores Ն2 SD below the contemporary mean on the PDI (6% vs 17%, respectively), but this difference did not reach statistical significance. A similar proportion of children in the 2 groups had Characteristics Values are mean Ϯ SD. * The P value was calculated by using the independent-samples t test. † The P value was calculated by using the Wilcoxon rank sum test.
MDI scores Ն2 SD below the contemporary mean.
Children with a prenatal diagnosis had significantly higher social class than those without (P ϭ .02) (Table 1). Surgical support techniques evolved over the course of the 3 studies from which subjects were drawn. Therefore, we performed multivariable regressions including the prenatal diagnosis group together with all of the following variables: associated diagnosis of VSD, duration of total circulatory arrest, pH and hematocrit at onset of low-flow bypass or total circulatory arrest, study year, and social class. Adjustment for surgical variables did not affect our study inferences regarding the influence of prenatal diagnosis. Of note, lower PDI z scores were significantly associated with longer duration of total circulatory arrest (P ϭ .03) and lower hematocrit (P ϭ .02). Lower MDI z scores were significantly associated with lower social class (P ϭ .001), higher pH (P ϭ .01), and associated diagnosis of VSD (P ϭ .03).
Children with a prenatal diagnosis did not differ significantly from those with postnatal diagnosis with respect to neurologic examination, somatic growth, or head circumference at 1 year of age.
DISCUSSION
As the mortality of infants with critical CHD has declined, the high prevalence of neurologic and developmental abnormalities in survivors has assumed increasing importance. 13, 14 The mechanisms of acquired neurologic injury in this population have changed over the past 2 decades, because prostaglandin therapy has allowed patients with duct-dependent lesions to survive until surgery can be performed and the techniques of surgical and transcatheter intervention have been refined. Despite these advances, delays in diagnosis and treatment can be associated with preoperative cerebral ischemia/reperfusion injury. Prior data suggest that the preoperative condition of neonates with critical CHD (including D-TGA) is better in those with a prenatal diagnosis. 2, 3, 15 To our knowledge, however, no published studies have examined the impact of prenatal diagnosis on later development.
We found that children with D-TGA in whom the diagnosis was made in the prenatal period, compared with those with postnatal diagnosis, were significantly less likely to be born by spontaneous labor, had significantly lower birth weight, were significantly more likely to be intubated preoperatively, and went to surgery at a significantly younger age. They also had significantly lower 5-minute Apgar scores, perhaps reflecting the obstetrician's knowledge of the diagnosis. However, there was no difference between groups in the incidence of acidosis. At 1 year of age, children with a prenatal diagnosis were slightly less likely to have PDI scores at least 2 SD below the contemporary population mean, although this difference did not achieve statistical significance, perhaps due to limited power. The prenatal-and postnatal-diagnosis groups were similar in the proportion with low MDI scores, as well as in mean MDI and PDI scores.
Inferences concerning the effect of prenatal diagnosis on developmental outcome may be complicated by the presence of many other risk factors for brain injury in children with CHD. 15 We studied a patient population in which potential confounding factors were limited. Infants with D-TGA have a low incidence of coexisting anomalies, have infrequent significant hemodynamic problems after surgery, and undergo reparative surgery at a relatively uniform age. Previous studies have shown that children with D-TGA have higher rates of neurodevelopmental problems than would be expected in a normal population, including a lower intelligence quotient; difficulties with expressive language and visual-spatial and visual-motor skills; and a high incidence of oromotor apraxia. 9 Thus, our study population seemed to be an ideal one in which to study the influence of prenatal diagnosis on later development. The absence of an important difference between the prenatal diagnosis groups may reflect timely diagnosis and effective treatment of neonates without Values are mean Ϯ SD or percentage. Only the 272 children who returned for evaluation at 1 year of age are included. * The P value is based on linear regression, with adjustment for family social class. † The P value is based on logistic regression, with adjustment for family social class. ‡ The P value was calculated by using Fisher's exact test. § The P value was calculated by using the independent-samples t test.
prenatal diagnosis. In patients with D-TGA born in the prostaglandin era, the variance in developmental outcome contributed by events occurring between birth and corrective surgery seems to be smaller than that contributed by genetic or congenital, intraoperative, postoperative, or sociodemographic variables. We found a tendency toward a greater incidence of fetal distress in the group diagnosed postnatally. To our knowledge, the diagnosis of D-TGA should not be associated with fetal distress. Furthermore, because the diagnostic criteria for fetal distress in labor are not standardized, we could not delineate the nature of the difference between groups in its incidence, nor could we compare the incidence of fetal distress in our cohort to that in the general population. Recent data suggest a population-based incidence of cesarean delivery for nonreassuring fetal status in labor of 2% to 4%. 16 Patients in the group diagnosed prenatally had higher rates of induction and younger gestational age at delivery than those in the group diagnosed postnatally. We did not prospectively record the reasons for timing of delivery in individual subjects. We speculate that prenatal diagnosis virtually always results in referral for delivery to a tertiary center. To ensure that delivery takes place under controlled conditions with pediatricians and pediatric cardiologists available, it is common obstetric practice to induce labor after 38 to 39 weeks. Conversely, undiagnosed cases are typically managed in the community, where spontaneous labor is more likely. Children with prenatal diagnosis underwent reparative surgery significantly sooner after birth than those with postnatal diagnosis, almost certainly because they arrived in our intensive care unit at a younger age and hence were placed on the surgical schedule earlier. Finally, we speculate that the higher rate of preoperative intubation among infants with prenatal diagnosis could relate to specific practices at the tertiary care facilities at which these children were delivered.
This study should be interpreted in light of several limitations. The relatively small number of patients in the prenatal diagnosis group at 1 year of age limited our statistical power to exclude modest differences in development. It is possible that aspects of obstetric management associated with prenatal diagnosis had an adverse effect on developmental outcome that balanced its benefits. For example, lower birth weight among infants with prenatal diagnosis could reflect earlier induction of labor; in previous studies of term infants undergoing reparative openheart surgery, lower birth weight was shown to predict lower scores on the Bayley Scales at 1 year of age. 6 The small number of patients in the prenatal diagnosis group limited our ability to perform multivariate analyses to explore this hypothesis. Aspects of intraoperative and perioperative intensive care management at the single center from which the study sample was drawn may differ from those at some other centers. Finally, our findings in this cohort of children with a single lesion may not be generalizable to children with other forms of critical CHD.
Although we did not find a significant relationship between prenatal diagnosis and development at 1 year of age, our data suggest several important temporal trends. We found that the proportion of D-TGA patients in whom diagnosis was made prenatally increased over time. Furthermore, the incidence of preoperative intubation in all patients (ie, those with and without a prenatal diagnosis) has increased over time, and the incidence of preoperative acidosis in all patients has decreased. Verheijen et al 15 reported that prenatal diagnosis of CHD decreased the likelihood of deterioration of acid-base equilibrium, but the incidence of preoperative acidosis was similar in our cohort among those with and without prenatal diagnosis.
CONCLUSIONS
Our data suggest that, among patients with D-TGA with IVS or VSD, prenatal diagnosis is associated with differences in perinatal and perioperative variables but does not improve development at 1 year of age. Additional follow-up is necessary to determine whether prenatal diagnosis affects later cognitive function as children approach school age. Future studies should include a greater number of children with a prenatal diagnosis as well as children with congenital heart lesions other than D-TGA.
